Abstract Curvularia species are important phytopathogens reported worldwide. They are closely related; consist of major destructive pathogens mainly for grasses and cereal plants including rice (Oryza sativa). A leaf spot symptom of rice is one of the common symptoms found in the rice field and caused reduction of rice yield. However, there are no reports on Curvularia species associated with rice leaves showing spot symptoms. The objectives are to isolate and characterize Curvularia and related species from leaf spot of rice by using morphological and molecular characterization and to determine the phylogenetic relationship between the isolated fungi. Fungal isolation was done from diseased rice leaves showing leaf spot symptoms collected throughout Peninsular Malaysia. Thirty-three isolates were recovered and identified based on their morphological characteristics such as conidia morphology, colony appearance, pigmentation and growth rate for species delimitation. Internal transcribed spacer (ITS) region was amplified to confirm the species identification. The 33 isolates were identified as Bipolaris sorokiniana (10 isolates), Curvularia hawaiiensis (8 isolates), C. geniculata (6 isolates), C. eragrostidis (6 isolates), C. aeria (2 isolates) and C. lunata (1 isolate). A phylogenetic tree was constructed based on ITS sequences using neighbour-joining method. The tree grouped members of Curvularia and Bipolaris into different clades. The phylogenetic tree indicated that the presence of two groups of fungi species; highly virulent and mild pathogens. In conclusion, Curvularia species and Bipolaris sorokiniana were present in rice field in Malaysia and associated with leaf spot of rice.
into family Pleosporaceae under Dothidiomycetes fungi [Ariyawansa et al. (2015) ]. The nomenclature of Bipolaris was taken priority over Cochliobolus because of the importance as economically phytopathogens (Rossman et al. 2013; Manamgoda et al. 2014) .
Curvularia species consist of saprophytes, endophytes and pathogens (Sanchez Marquez et al. 2008; Condon et al. 2014) . Most of them are destructive pathogens that cause huge losses to agriculture sectors. Curvularia and Bipolaris species infected plants in Poaceae family including rice (Manamgoda et al. 2011) . Curvularia usually have a broad range plant host and have been reported as human pathogens (Sivanesan 1987; Manamgoda et al. 2011; Da Cunha et al. 2012) . Meanwhile, Bipolaris oryzae is a pathogen to rice that caused epidemic brown spot disease of rice in India (Scheffer 1997) .
Fungal identification using morphological characteristics is the fundamental step in identifying species. However, species of Curvularia has a high degree of similarity based on their morphology and always caused misidentification. Correct fungal species identification is crucial for crop protection and developing disease precautions (Martin et al. 2000; McCartney et al. 2003) . Therefore, molecular approach was used for species confirmation of Curvularia and related species using Internal Transcribed Spacer (ITS) region. ITS region is widely used for species differentiation between Curvularia and Bipolaris species since it clearly defines interspecific variation (Lin et al. 2011; Wu and Turgeon 2013; Sharma et al. 2014) .
A leaf spot is the most common symptom of rice diseases caused with phytopathogenic fungi. The symptoms can be recognized by circular necrotic lesion on rice leaves during seedling up to maturing stage of rice plant. Rice infected with leaf spot disease can give significant effect to rice yield and productivity in a country. In Malaysia, morphological and molecular characterization of Curvularia and related species from plants is limited. There is no report of Curvularia species associated with leaf spot disease of rice in Malaysia. Therefore, the objectives of this study are to isolate and identify Curvularia species and related species from leaf spot of rice and to determine the phylogenetic relationship between Curvularia species and its related species, Bipolaris.
Materials and methods

Isolation of fungi from diseased leaf spot of rice
A series of sampling were conducted during planting season from March until August 2013 in 13 locations in four states (Kedah, Perak, Pulau Pinang and Selangor) throughout Peninsular Malaysia. Rice leaves with circular spot symptoms were collected at seedling up to maturing stage. Fungi were isolated in Complete Media Xylose (CMX) added with antibiotics to prevent bacterial contamination. Purification of fungi was conducted on 4 % water agar (WA) using hyphal tip isolation. All isolates were cultured in CMX and incubated in 12 h light and 12 h dark at room temperature. The pure cultures were maintained as conidial suspension in 25 % glycerol CMX at -80°C.
Morphological identification
The morphological characteristics of isolates were observed based on macro-and micromorphology. The colony appearance and pigmentation were recorded after 14 days of incubation on CMX for macromorphological characteristics. The growth rate of isolates was recorded after 72 h incubation. The micromorphological characteristics such as conidia shape, size and conidiophore were observed on WA added with sterile rice straw, modification of Mothlagh and Kavian (2008) after 7 days of incubation. All isolates were segregated into their species based on description by Sivanesan (1987) .
Molecular characterization based on internal transcribed spacer (ITS) sequencing
The species confirmation of isolates was carried out using DNA sequencing of ITS regions. For DNA extraction, isolates were grown on CMX 7 days. Genomic DNA for all isolates was extracted using Ultra Clean Ò Microbial DNA isolation kit (MO-BIO, Carlsbad, CA, USA) according to the manufacturer's instructions.
ITS region was amplified using a pair of primer, ITS1 (5 0 -TCCGTAGGTGAACCTGCGG-3 0 ) and ITS4 (5 0 -TCCTCCGCTTATTGATATGC-3 0 ) (White et al. 1990 ). Amplification was performed in 25 ll of master mix consisted with 5X PCR buffer, 0.5 lM of forward and reverse primer, 2.5 mM of MgCl 2 , 0.2 mM of dNTP mix (Promega), 0.125 U of GoTaq Ò DNA polymerase, sterile distilled water and 20 ng of DNA template. The PCR cycles were set as initial denaturation at 95°C for 30 s, followed by 35 cycles of denaturation, annealing and extension at 95°C for 10 s, 59°C for 15 s and 72°C for 30 s, respectively, with final extension at 72°C for 5 min. A control with no DNA template was also used to detect any non-specific reaction. The successful amplification of ITS region was observed between 600 and 650 bp.
The PCR products were purified using QIAquick Ò Gel Extraction Kit (QIAGEN, USA) following the manufacturer's instructions. The purified ITS products were sent to a service provider and were sequenced using an Applied Biosystems 3730xl DNA Analyzer for DNA sequencing (MyTACG Bioscience Company, MY). Both forward and reverse were sequenced. Both sequences were assembled and aligned using Molecular Evolutionary Genetic Analysis (MEGA 6). The assembled ITS sequences were compared with sequences in GenBank using the Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm. gov) to determine the closest matched sequence from the database. All the assembled DNA sequences were deposited in GenBank (http://www.ncbi.nlm.nih.gov).
All ITS sequences were aligned using CLUSTALW in MEGA6 to construct a phylogenetic tree using NeighbourJoining method with 1000 bootstrap replication value (Tamura et al. 2013) . The representative sequences of each species were obtained from GenBank and were included in the tree. Aspergillus nidulans (AM176708) was chosen as an outgroup.
Results
Morphological characteristics
Thirty-three isolates of Curvularia species and Bipolaris species were isolated from infected rice leaves in 13 sampling locations throughout Peninsular Malaysia. The isolates were identified as Bipolaris sorokiniana, Curvularia hawaiiensis, C. geniculata, C. eragrostidis, C. lunata and C. aeria as listed in Table 1 .
Bipolaris sorokiniana formed white to greyish, velvety aerial mycelia and dark brown to blackish pigmentation, with concentric rings (Fig. 1a-d) . The growth rate of B. sorokiniana was 3.70 ± 0.2 cm/day. The conidia of B. sorokiniana are fusiform and ellipsoidal with straight to slightly curve in shape (Fig. 1e) . The conidia has a hilum that slightly protrudes with three to 11 distoseptate and ranged between 30.48-100.40 lm 9 12.30-17.83 lm. Curvularia hawaiiensis have dark brown pigmentation at the centre of plate and light brown towards the edge of the plate with age (Fig. 2a, c) . The colonies also formed two to three concentric rings on reverse plate (Fig. 2b, d ). The growth rate of C. hawaiiensis was 3.56 ± 0.61 cm/day. The conidia of C. hawaiiensis were characterized as ovoid, oval, fusiform, rounded at the both end cell, three to six distoseptate and measuring between 16.53-27.50 lm 9 6.31-7.87 lm (Fig. 2e) .
The colonies of C. eragrostidis were grey cottony mycelia with rings on the plate (Fig. 3a, c) . Reverse plate of C. eragrostidis have brown to blackish brown pigmentation (Fig. 3b, d ). Curvularia eragrostidis growth rate was 4.02 ± 0.35 cm/day. The conidia were straight ovoid, and fusiform in shape. They have three septa with darker middle septate than others (Fig. 3e) . The conidia size ranged from 16.66-to 21.37-lm long and 7.78-to 12.08-lm wide.
Curvularia geniculata produced abundant fluffy colonies with grey and white aerial mycelium (Fig. 4a, c) . The pigmentation was dark grey to earth yellowish colour and formed rings when old (Fig. 4b, d ). The growth rate of C. geniculata was 3.67 ± 0.39 cm/day. The conidia usually geniculate at third cell, fusiform, three to four septa and 20.56-41.50 lm 9 7.17-12.80 lm in size (Fig. 4e) . The second or third cells were commonly bigger than other cells.
Curvularia lunata have flattened greyish colonies on CMX medium and black pigmentation on reverse plate (Fig. 5a-d) . The growth rate of C. lunata was 3.61 ± 0.3 cm/day. The conidia were fusiform in shape, curved to slightly curve at the second cell with three septate (Fig. 5e) . Both end cells of conidia are usually subhyaline. The size of conidia ranged between 17.75-23.29 lm 9 6.25-8.75 lm.
Curvularia aeria were characterized by abundant greyish to whitish aerial mycelia at the center and sparse towards the edge of plate (Fig. 6a, c) . The pigmentation of C. aeria was light yellow to brown blackish (Fig. 6b, d ). The growth rate of C. aeria was 3.35 ± 0.2 cm/days. The conidia were cylindrical straight to slightly curve at second cell, three septate and size between 11.34-23.33 lm 9 4.05-7.90 lm (Fig. 6e) .
Molecular characteristics
All 33 isolates were successfully amplified and sequenced. The ITS region with expected sizes, approximately 600-650 bp. Based on BLAST search, ITS sequences showed high percentage similarities between 97 and 100 % with GenBank database (http://www.ncbi.nlm.gov). The identity of isolates according to ITS region are shown in Table 1 , which comprised Bipolaris sorokiniana (10 isolates), C. hawaiiensis (8 isolates), C. eragrostidis (6 isolates), C. geniculata (6 isolates) and C. lunata (1 isolate), Fig. 2 Morphological characteristics of C. hawaiiensis. a, c Colony appearance on CMX; b, d pigmentation on reverse plate, e oval, fusiform conidia; f conidia formed on the conidiophores Fig. 3 Morphological characteristics of C. eragrostidis. a, c Colony features on CMX; b, d pigmentation on reverse plate, e straight, ovoid conidia; f conidia on the conidiophores Rend. Fis. Acc. Lincei (2016) 27:205-214 209 whereas the remaining two isolates belong to Curvularia aeria. All ITS sequences of the isolates were deposited into Genbank (http://www.ncbi.nlm.gov) and the accession number listed in Table 1 . The phylogenetic tree was constructed and the relationship between all isolates is shown in Fig. 7 . This tree was divided into two main clades, I, II, and several subclades. Main clade I consisted of Curvularia. This clade was divided into subclades A and B. Subclade A contained C. eragrostidis, C. aeria, C. lunata and C. geniculata while subclade B was C. hawaiiensis. For main clade II, it was further divided into subclade C that consisted of Bipolaris and supported with high bootstrap value, 99 %. Isolates of B. sorokiniana were placed in subclade C1 with 99 % bootstrap value. Other Bipolaris species obtained from GenBank were located in subclade C2 and closely related with each other. Aspergillus nidulans was chosen as an outgroup control because it is ancestral to the ingroup. The outgroup was distinctly separated from main clade. Another eight species of Bipolaris and Curvularia, which isolated from Poaceae family were obtained from GenBank and included into the tree.
Discussion
The spot symptoms on rice leaves were observed in seedlings up to mature stages of rice plants in Peninsular Malaysia. Leaf spot symptoms of rice is commonly found in rice growing area in the world (Bhargava and Hamer 2001; Dela Paz et al. 2006) . The size of the symptoms ranged from minute to large size lesions, which caused chlorotic and necrotic lesion on leaves.
Curvularia and Bipolaris species were classified in Dothideomycete fungi which are the most diverse class of fungi (Kirk et al. 2008) . Both genera are formerly grouped in graminicolous Helminthosporium species, including Drechslera and Exserohilum (Sivanesan 1987) . Curvularia and Bipolaris shared similarities in morphological characteristics. However, these two genera can be differentiating based on sexual, conidia morphology and molecular studies. Based on morphological of ascospores, Curvularia formed loosely packed ascospores in ascus, while Bipolaris produced supercoiled ascospores (Manamgoda et al. 2012) . Besides that, Curvularia have a curved and stout conidial morphology compared to Bipolaris, which have large conidia.
Based on the morphological and molecular observation, isolates of B. sorokiniana (teleomorph: Cochliobolus sativus) were frequently isolated from the rice leaves samples compared to others species. From microscopic identification, B. sorokiniana have long conidia (30.48-100.40 lm) with 3-11 distoseptate somewhat larger than Curvularia species. Bipolaris sorokiniana is a destructive plant pathogen commonly infecting cereal plants such as barley, wheat and rye, causing crown rot, root rot, seedling blight and spot blotch disease (Zhong and Steffenson 2001; Mathre et al. 2003; Meldrum et al. 2004) . Fig. 4 Morphological characteristics of C. geniculata. a, c Colony features on CMX; b, d pigmentation on reverse plate; e fusiform conidia and geniculate which bent at the second cell; f conidia formed at the tip of conidiophore Fig. 5 Morphological characteristics of C. lunata. a Colony features on CMX; b pigmentation on reverse plate; c fusiform conidia with three septate; d conidia on the conidiophore Fig. 6 Morphological characteristics of C. aeria. a, c Colony features on CMX; b, d pigmentation on reverse plate; e conidia were cylindrical straight to slightly curve with the second cell larger than other cells; f conidia formed on the conidiophores Rend. Fis. Acc. Lincei (2016) 27:205-214 211 Identification of C. hawaiiensis (teleomorph: Cochliobolus hawaiiensis) was based on their conidia, which are smaller and supported with ITS sequences. The size of C. hawaiiensis is smaller (16.53-27 .50 lm 9 6.31-7.87 lm) compared to others isolated species. Curvularia hawaiiensis have been isolated from environment and host plants (Loro et al. 2012) .
Based on macromorphological characteristics of C. eragrostidis (teleomorph: Cochliobolus eragrostidis), they have stout body of conidia with dark middle septum. This characteristic is unique, belongs to C. eragrostidis and do not be found in other species. Saha et al. (2001) reported the occurrence of foliar disease on young clone cutting of tea caused by C. eragrostidis.
Morphologically and molecularly, identification showed that C. geniculata (teleomorph: Cochliobolus geniculatus) have been isolated and that were associated with leaf spot The bootstrap values (1000 replications) higher than 50 % are shown next to branches. Aspergillus nidulans is the outgroup of rice. The conidia of C. geniculata are geniculate and swollen at second or third cell in comparison to other species. Curvularia geniculata was reported to associate with various plants families including Fabaceae, Poaceae, Solanacae and Brassicaceae (Manamgoda et al. 2011) .
Conidia morphology of C. lunata (Cochliobolus lunatus) is somewhat similar to typical characteristics of Curvularia species according to Sivanesan (1987) . However, C. lunata can be distinguished by subhyaline or pale colour at both end cells. Curvularia lunata is pathogenic fungi towards sorghum which caused grain mould and contributed to huge losses of sorghum industry in Asia and Africa (Indira et al. 2002) .
Curvularia aeria have typical characteristics of Curvularia with straight conidia and enlargement at the second cell. Without careful observation and examination, incorrect identification may occur as this species resembles other Curvularia sp. However, molecular identification may aid to morphological identification of C. aeria. Curvularia aeria was reported to infect humans and caused leaf spot disease of switchgrass (Da Cunha et al. 2012; Fajolu et al. 2012) .
Based on morphological observation, Curvularia and Bipolaris can be divided into two; Group 1 and Group 2 based on their conidia morphology. Group 1 belongs to B. sorokiniana with long conidia morphology (30.48-100.40 lm 9 12.30-17.83 lm) compared to group 2. Members of Group 2 are C. hawaiiensis, C. eragrostidis, C. geniculatus, C. lunatus and C. aeria. Group 2 has short conidia (11.34-41.50 lm 9 6.25-12.80 lm), three to four septate, swollen cell located at second cell. However, C. hawaiiensis have intermediate characteristics; small size conidia with more than four septate.
Based on phylogenetic tree, all isolates were clearly placed into separate clades with their referral control from GenBank. Main clade I and II in this study were referred to Group 2 and Group 1, respectively (Berbee et al. 1999; Manamgoda et al. 2012 Manamgoda et al. , 2014 . Berbee et al. (1999) indicated two main groups in their phylogenetic study; Group 1 represented necrotrophic and highly virulent pathogens, Bipolaris while Group 2 represented mild pathogens with Curvularia species. Group 1 in this study was represented by isolates of B. sorokiniana and placed together with other highly pathogenic fungi, such as B. oryzae, B. zeicola, B. victoriae, B. maydis and B. cynodontis. Group 1 members have large conidia and supercoiled ascospores morphology compared to Group 2, which have loosely packed ascospores. Curvularia hawaiiensis was previously classified in Bipolaris genus and later resolved in the Curvularia genus (Manamgoda et al. 2012 (Manamgoda et al. , 2014 .
Trees constructed by Manamgoda et al. (2012 Manamgoda et al. ( , 2014 and Ariyawansa et al. (2015) based on combination genes of ITS, glyceraldehyde 3-phosphate dehydrogenase (GPDH), large subunit (LSU) and translation elongation factor (tef1-a) suggest that Curvularia sp. and Bipolaris are monophyletic group and cannot be combined with each other as showed in this present study. The phylogenetic tree constructed showed the correlation with morphological characteristics. However, the molecular characteristics are more precise and provided the information of genetically pathogenic fungi. Accurate identification of pathogenic fungi is crucial in disease management of economically important crops especially rice.
Conclusions
In conclusion, 33 isolates comprising Curvularia species and Bipolaris sorokiniana were present and associated with rice leaf spot disease in Malaysia. Morphological characterization of Curvularia species and related species is the classic approach of identification which could be aided with molecular characteristics using gene sequences for reliable identification.
